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a  b  s  t  r  a  c  t

The  thermal  decomposition  of  Fenitrothion  [phosphorothioic  acid O,O-diethyl  O-(3-methyl-4-
nitrophenyl)  ester]  was  investigated.  Results  obtained  by  different  scale  calorimetric  techniques  show
that  the  thermal  decomposition  of  Fenitrothion  involves  two  main  steps.  Intermediate  and  final  thermal
degradation  products  formed  during  isothermal  and  adiabatic  thermal  decomposition  experiments  were
identified.  The  eco-toxicological  profile  of the  decomposition  products  was  assessed  experimentally  and
compared  to results  obtained  with  a predictive  software  (ECOSAR).  A specific  index  was  defined  to assess
eywords:
enitrothion
hermal decomposition
alorimetry

the change  in  ecotoxicity  profile  of  decomposition  products  with  respect  to the  original  compound.
© 2011 Elsevier B.V. All rights reserved.
co-toxicity
COSAR

. Introduction

The hazard related to the storage and handling of pesticides is
ell known [1,2]. Toxicity, thermal instability and reactivity caused

everal accidents during the production, the transport and the stor-
ge of these compounds [3].  Particularly severe accidents were
aused by the atmospheric dispersion of decomposition products
ormed as a consequence of fire or of runaway during storage or

ixing processes [4,5]. The Seveso accident [6],  that gave the name
o the European Directive on the control of major accident hazards
nvolving dangerous substances [7],  is a well known example of
he very severe hazards that may  derive from these accidental sce-
arios. Several studies proposed methods for the identification of
ossible unwanted products formed in “out of control” conditions,
ainly starting from past accident analysis, from the definition

f experimental protocols and from simple predictive methodolo-
ies [4,8–12].  However, in spite of the relevant work carried out
o develop and standardize experimental protocols and predic-
ive methods, scarce data are often available on the decomposition
roducts that may  be formed due to the thermal degradation or

artial combustion of chemicals.

In the present study, the thermal degradation and the decom-
osition products of Fenitrothion were investigated. Fenitrothion

∗ Corresponding author. Tel.: +39 81 7682225; fax: +39 81 5936936.
E-mail address: r.sanchirico@irc.cnr.it (R. Sanchirico).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.032
is an organophosphorus compound used to produce pesticides
that find a number of applications in agriculture. Production of
Fenitrothion is estimated around 15,000–20,000 tonnes/year [13].
Phosphorganic pesticides are well known for their hazard and sev-
eral accidents related to the formation and dispersion of toxic
decomposition products were recorded [14]. Different calorimet-
ric techniques were applied to gather experimental data on the
thermal decomposition behaviour of Fenitrothion. The decomposi-
tion products were identified by analytical techniques. The possible
decomposition pathways of Fenitrothion were examined also on
the basis of previous results obtained for dimethoate [15] and ethyl
parathion [16]. The eco-toxicity of decomposition products was
assessed using both theoretical calculations and experimental bio-
assays. The results allowed a screening of the hazard related to the
possible formation and release of decomposition products in the
loss of control of chemical industrial processes involving Fenitroth-
ion. Specific attention was devoted to the comparison of the overall
eco-toxicity of the mixture of decomposition products formed, in
order to assess the presence and the importance of antagonistic or
synergistic effects.

2. Experimental
2.1. Materials

Fenitrothion (CAS 122-14-5, 97% (w/w) technical purity
grade) was  purchased by Sigma–Aldrich. Standard samples of the

dx.doi.org/10.1016/j.jhazmat.2011.11.032
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:r.sanchirico@irc.cnr.it
dx.doi.org/10.1016/j.jhazmat.2011.11.032
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Table 1
Compounds identified during the first exothermal event in the isoperibolic (Radex) experiments performed on Fenitrothion.

Compound Name/chemical formula (CF)/molecular weight (MW)/smile

[I]

Fenitrothion
O,O-dimethyl O-3-methyl-4-nitrophenyl phosphorothioate (CF: C9H12NO5PS; MW = 277.23)
S P(OC)(OC)OC1 CC(C) C([N+]([O−]) O)C C1

[II]

O,S-Dimethyl O-3-methyl-4-nitrophenyl phosphorothioate (CF: C9H12NO5PS; MW = 277.23)
O P(SC)(OC)OC1 CC(C) C([N+]([O−]) O)C C1

[III]

Dimethyl 3-methyl-4-nitrophenyl phosphate (CF: C9H12NO6P; MW = 261.17)
O  P(OC)(OC)OC1 CC(C) C([N+]([O−]) O)C C1

[IV]

3-Methyl-4-nitrophenol (CF: C7H7NO3; MW = 153.14)
OC1 CC(C) C([N+]([O−]) O)C C1
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Table 1 (Continued)

Compound Name/chemical formula (CF)/molecular weight (MW)/smile

“Oligomer” (Hypothesis a,
b, c, d) [V]

Hypothesis a: (CF: C16H18N2O9P2S2; MW = 508.4)
S P(OC)(OC1 CC(C) C([N+]([O−]) O)C C1)SP(OC)(OC2 CC(C) C([N+]([O−]) O)C  C2) O
Hypothesis b: (CF: C23H24N3O12P3S4; MW = 755.6)
S  P(SP(OP(OC)(OC1 CC(C) C(C C1)[N+]([O−]) O) S)(OC2 CC(C) C(C C2)[N+]([O−]) O) S)(OC3 CC(C) C(C C3)[N+]([O−]) O)OC
Hypothesis c: (CF: C23H24N3O14P3S2; MW = 723.5)
O  P(SP(OC1 CC(C) C(C C1)[N+]([O−]) O)(OP(OC)(OC2 CC(C) C(C C2)[N+]([O−]) O) O) S)(OC3 CC(C) C(C C3)[N+]([O−]) O)OC
Hypothesis d: (CF: C10H15NO8P2S; MW = 371.2)
COP(OP(OC)(OC1 CC(C) C([N+]([O−]) O)C C1) O)(OC) S
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ecomposition products identified for Fenitrothion, listed in
able 1, were also obtained. Dimethyl 3-methyl-4-nitrophenyl-
hosphate (CAS 2255-17-6) and 3-methyl-4-nitrophenol (CAS
581-34-2) were purchased by Sigma–Aldrich. Compounds [II]
nd [V], were not available commercially. A sample representative
f compound [V] was obtained by thin layer chromatography
TLC) of samples collected at the end of the first adiabatic decom-
osition phase. A sample of compound [II] was obtained by TLC
tarting from a sample collected at the end of an isoperibolic
Radex) run carried out at 413 K for 90 min. The different samples
ere prepared using as solvent either analytical grade dimethyl

ulfoxide (DMSO), for the ecotoxicological bioassay, or methanol,
or GC/MS or HPLC analyses. Solvents used in experimental runs
ere selected on the basis of explorative experiments, in order to
aximize the quantitative collection of the residues [16].

.2. Calorimetric techniques

.2.1. Adiabatic calorimetry
Adiabatic runs were carried out using an accelerating rate

alorimeter (ARC) by Columbia Scientific Industries. Hastelloy C
ombs were used (specific heat Cp,b = 0.419 J K−1 g−1). The follow-

ng operating conditions were used for the adiabatic screening of
he sample: wait time 10 min; heat step temperature 5 K; initial
emperature 323 K; heat rate threshold value 0.02 K min−1.

A set of experimental runs was also performed to assess the
oxicological profile of the intermediate decomposition products.
n these runs the sample was heated to a given initial temperature
TO,Ad), the instrument was forced to the adiabatic mode and, after

 given time interval the sample was quenched to the final tem-
erature (TQuenching). At this temperature the ARC was  rapidly open
nd the bomb cooled at room temperature. The residual sample was
hen collected using 25 cm3 of DMSO and was used for toxicological
ioassays.

.2.2. Isoperibolic calorimetry
Isoperibolic experiments were performed using a PC Combilab

ystem (by Systag, CH) devoted to control a Radex Oven [17]. The
ven was equipped with a stainless steel reactor having a volume
f about 11 cm3 and a design pressure of 100 bar at 673 K. Samples
f about 2 g were heated at the desired temperature (408, 413 and
23 K) and hold in this condition for the entire run duration. At
he end of the run the reactor was quenched at room temperature.
amples for analytical characterization were collected using 50 cm3

f methanol.

.2.3. Differential scanning calorimetry (DSC)
A Perkin Elmer 8000 DSC coupled to an Intracooler II cooling

ystem was used to carry out constant heating rate and isothermal
uns. Samples of 3–6 mg  were charged in a sealed stainless steel
igh pressure capsule (Perkin Elmer, part number: B0182901) and

 purge flow of pure nitrogen (20 cm3 min−1) was used. Preliminary
alibrations were carried out using indium (fusion temperature:
29.8 K, fusion heat: 28.6 J g−1) as standard. Dynamic runs were
erformed starting from 323 K and using heating rates (ˇ) of 5 or
0 K min−1 up to 593 K. Isothermal runs were performed at tem-
eratures of 408, 413, 418 and 423 K over different periods of time
190–700 min).

.3. Analytical characterization of decomposition products

Residues collected during the isoperibolic runs were dissolved

n methanol and submitted to gas-chromatographic/mass spectro-

etric (GC/MS) analysis by means of a Varian Saturn 2000 device
quipped with an ion trap detector and a DB5 column (length 30 m,
nternal diameter 0.25 mm,  film thickness 0.25 �m).  The flow rate
aterials 199– 200 (2012) 390– 400 393

of the carrier gas (helium) was of 1 cm3 min−1. The following tem-
perature ramp was used: 313 K for 1 min, 10 K min−1 up to 573 K,
573 K for 10 min. The injector temperature was set at 423 K. Raw
GC/MS chromatograms and fragmentation patterns of identified
peaks are reported in the Supporting Information.

The quantitative characterization runs were carried out using a
1090 Hewlett Packard HPLC equipped with an F5C6 Phenomenex
reverse phase column and a diode array detector. The mobile phase
was  CH3CN/aqueous acid buffered solution (67:33) with a flow of
0.5 cm3 min−1. The oven temperature was set at 313 K and the sig-
nal acquired at 254 and 310 nm.  Raw HPLC data and spectra of
identified peaks are reported in the Supporting Information.

Gas analysis was  performed using a Perkin Elmer Autosystem
XL equipped with a packed Carboxen 1000 column (length 5 m,
internal diameter 2.1 mm)  and a TCD detector. The following tem-
perature ramp was  used: 403 K for 3.2 min, 25 K min−1 up to 513 K.
The carrier gas was  helium with a flow of 10 cm3 min−1.

For the identification of intermediates and of decomposition
products, the mixture obtained at the end of the experimental runs
was  separated by means of silica gel thin-layer chromatography. A
toluene/methanol/acetic acid solution (80:15:5) or a mixture of n-
hexane/ethyl acetate (70:30) and n-hexane/ethyl ether (50:50) was
used as eluents on the basis of previous experiences with similar
compounds [16].

2.4. Ecotoxicological bioassays

Preliminary dose–response experiments of Fenitrothion (FNT)
toxicity towards Pseudokirchneriella subcapitata were carried out
using either EPA medium [18] or BBM [19]. The results obtained, not
reported for the sake of brevity, indicated that salt concentration
in the medium does not influence the toxicity of the selected com-
pounds and that in 96-h end-point experiments a higher growth
rate of algal biomass was  registered with BBM. For this reason all
the following experiments were performed with the latter medium.

Based on the preliminary results of dose–response experiments,
the solutions for the algal bioassays were prepared by dissolving a
known quantity of compound in BBM up to a final concentration of
32 mg  (dm3)−1. The toxicity tests were based on the measurement
of the growth inhibition of the green unicellular alga P. subcapitata,
strain UTEX 1648 according to EPA guidelines [20]. Algal inocula
corresponding to 10,000 cells/cm3 from laboratory cultures in mid
exponential phase were grown in 100 cm3 Erlenmeyer flasks con-
taining a solution composed of 50 cm3 of bold basal medium (BBM)
and the tested compound at the following concentrations: 32, 16,
8, 4 and 2 mg  (dm3)−1. The tested compound was the residual FNT
substrate obtained after adiabatic treatment at 409, 416 and 474 K
and after isothermal treatment at 413 K at time 0, 75, 120, 150,
195 and 240 min. The flasks were incubated on a shaking appa-
ratus (∼100 rpm) at 297 K and continuously illuminated at a light
intensity of 90 �E s−1 m−2. The tests were carried out in triplicate
and in axenic conditions, and a series of control samples containing
only BBM and the algal inoculum were also prepared. Negative con-
trols carried out with volumes of DMSO equivalent to those used
in the bioassays exhibited no observable effect on P. subcapitata
growth. The algal growth was  assessed after 96 h from the addition
of the compounds measuring the in vivo chlorophyll fluores-
cence using a fluorometer (Turner, model Aquaflor, Turner Designs
CA, USA).

Data from growth inhibition tests were analyzed using the soft-
ware Toxstat 3.4 (Western Ecosystems Technology, Inc., Cheyenne,

WY,  USA) after verifying normality (�2 test) and homogeneity of
variance (Bartlett’s test). The EC50 (96 h) was  determined using the
ICPIN program [21] which calculates the EC values by linear inter-
polation and 95% confidence intervals by the bootstrap method.
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Table 2
Experimental conditions and main results obtained with the dynamic Radex run (see Fig. 1) and the DSC runs (see Fig. 2) carried out on Fenitrothion. DSC results are the
average  of at least three runs.

Parameter Radex DSC DSC DSC

Sample initial weight [g] 1.040 3.3 × 10−3 3.5 × 10−3 3.7 × 10−3

Heating rate,  ̌ [K min−1] 3.33 2.5 10 20
Initial temperature, TStart [K] 298 323 323 323
Peak  temperature of first decomposition step, TR,Peak,1 [K] 510 474 501 517
Pressure after first decomposition step, Pmax,1 [bar] 6.9 n.a. n.a. n.a.
Heat  generated in first decomposition step, (−�HR,1) [J g−1] n.a. 316 359 324
Peak  temperature of second decomposition step, TR,Peak,2 [K] 565 533 559 574
Pressure after second decomposition step, Pmax,2 [bar] 31.1 n.a. n.a. n.a.
Heat  generated in second decomposition step, (−�HR,2) [J g−1] n.a. 1770 1987 1993
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Table 3
Experimental conditions and main results obtained in the ARC experiment reported
in  Fig. 3.

Parameter Value

Sample initial weight [g] 1.36
Sample final weight [g] 0.79
˚  – factor 2.8
Onset temperature of first decomposition step, TO,1 [K] 409.3
Experimental adiabatic temperature rise, �T(1) [K] 51.9
Equivalent actual adiabatic temperature rise, ˚·�T(1) [K] 143.8
Pressure after first decomposition step, Pmax,1 [bar] 2.7
Heat  generated in first decomposition step, (−�HR,1) [J g−1] 303
Onset temperature of second decomposition step, TO,2 [K] 471.7
Experimental adiabatic temperature rise, �T(2) [K] 202.2
Equivalent actual adiabatic temperature rise, ˚·�T(2) [K] 560.2
ig. 1. Thermogram and pressure profile obtained in a Radex scanning run per-
ormed on Fenitrothion.

. Results and discussion

.1. Thermal degradation of Fenitrothion

The thermogram reported in Fig. 1, which is referred to a Radex
un performed in scanning mode clearly shows that the decomposi-
ion of Fenitrothion develops through two exothermic phases. The
xperimental conditions and the most significant results obtained
uring the Radex run are reported in Table 2. A similar behaviour
as recorded also in dynamic DSC runs, reported in Fig. 2. Fig. 2(a)

eports the baseline-subtracted raw data obtained in a 10 K min−1

onstant heating rate run carried out on a 3.5 mg  Fenitrothion sam-
le. The raw DSC curves obtained were then processed subtracting
he fictitious baseline obtained by the tangential area-proportional

ethod, shown in Fig. 2(a), in order to evidence only the thermal
ffects due to the thermal degradation process and to obtain curves
hat allow extracting pure kinetic information [22]. This procedure
as applied to all the constant heating rate DSC results reported

n the following. Fig. 2(b) reports the results obtained at heating
ates ranging from 2.5 to 20 K min−1. As evident from the figure, all
he curves show the presence of two exothermic peaks. Also the
esults of adiabatic calorimetry (see Fig. 3) show the presence of
wo exothermic peaks. No evidence of further decomposition phe-
omena was detected at higher temperatures by any of the three
alorimetric techniques applied. Thus, the analysis of the results
btained by the three different calorimetric techniques applied
upport the presence of two exothermic decomposition stages in
he Fenitrothion thermal degradation process. An average value of
he heat of reaction associated with the two thermal decomposition
eaks was calculated from DSC runs and is reported in Table 2.
Table 3 reports the results obtained from the analysis of ARC
uns. The comparison of data in Tables 1 and 2 evidences that the
hree experimental techniques yield quite similar results, confirm-
ng the validity of the approach.
Pressure after second decomposition step, Pmax,2 [bar] 68.0
Heat generated in second decomposition step, (−�HR,2) [J g−1] 1189

The possible influence of surface catalytic effects was  also inves-
tigated. Fig. 2(c) reports the comparison of DSC runs carried out
at 10 K min−1 using respectively a stainless steel and gold-plated
high pressure crucible. As evident from the figure, the two  curves
are very similar and no difference in the onset temperatures of the
thermal decomposition processes is present. Moreover, the results
of isothermal runs, discussed in the following, report a good cor-
respondence of results obtained by DSC and by Radex, even if very
different surface/volume ratios are present in these devices. Thus,
it may  be concluded that the presence of either metal surface or
oxygen catalytic effects may  be excluded.

The DSC data reported in Fig. 2(b) allowed us to obtain the
Kissinger’s plot for both degradation peaks, reported in Fig. 4. The
following values were extrapolated for the apparent activation
energy of the decomposition process: 89,657 J mol−1 for the first
stage of thermal degradation and 119,357 J mol−1 for the second
exothermic event.

3.2. Decomposition products of Fenitrothion

The overall decomposition process of Fenitrothion leads to the
evolution of incondensable gases and to the formation of a car-
bonaceous solid residue, as discussed in the following. However,
at the end of the first degradation step, the situation is quite dif-
ferent: only few incondensable gases are present, while several
partial decomposition products are formed in the condensed phase.
This is evident from the data on maximum pressure reported in
Tables 2 and 3.

A GC/MS analysis was carried out on samples of about 2.0 g
collected using 50 cm3 of methanol at the end of two Radex
runs performed in quasi-isothermal mode up to the complete

conversion of the substrate. The samples were obtained heating
the substrate both at 408 K for 3.5 h and at 423 K for 2.0 h. Table 1
reports the molecular structures of the intermediates identified.
The GC/MS analysis also indicated the presence of a high molecular
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Fig. 2. (a) Raw DSC data (- - -), treated DSC data (—) and fictitious baseline (. . ..)
defined for the extrapolation of thermal effects related to thermal degradation pro-
cess (left y-axis) obtained from a constant heating rate (10 K min−1) carried out on
Fenitrothion. Sample conversion (—) calculated by Eq. (1) is also reported (right
y-axis). (b) Treated DSC data obtained from DSC runs carried out on Fenitrothion
samples at different heating rates. (c) Treated DSC data obtained from two constant
h
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a

Fig. 3. (a) Results of an ARC adiabatic run performed on Fenitrothion:
temperature–time and pressure–time profiles. (b) Self heating temperature rate plot
(1/T)  during the ARC run on Fenitrothion reported in panel (a).
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eight compound for which it was not possible to identify a
eliable structure. This is possibly an oligomer [16] that yields

-methyl-nitrophenol by thermal or acidic decomposition.

The decomposition pathways of the first step of Fenitrothion
hermal degradation were further investigated by isothermal DSC
nd further Radex runs. The heat flow data collected in isothermal

-12.0

Fig. 4. Kissinger’s plots obtained for the two stages of Fenitrothion thermal degra-
dation from DSC data reported in Fig. 2(b).
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Fig. 5. First step of Fenitrothion thermal degradation: (a) heat flow recorded in
DSC experimental runs and (b) conversion versus time calculated from isothermal
D
i
t

D
i
m

�

w
h
v
d
F
c
R
a

t
t
d

i
p
c
4
u
a

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

250 50 75 100 125 150 175 200 225
t (min)

n 
(m

ol
 *

 1
0-

3)

-100

-80

-60

-40

-20

0

20

40

60

80

100

er
ro

r (
m

ol
/m

ol
-%

)

I (Experimental)
II (Experimental)
III (Experimental)
IV (Experimental)
V (Experimental)
Erro r

Fig. 6. Fenitrothion conversion and decomposition product distribution obtained
by  HPLC analysis in a set of isoperibolic (Radex) runs carried out at T = 413 K and
different reaction times. Decomposition products (see Table 1): © [I], ♦ [II], � [III],

[IV], � [V] – oligomeric species,  � [error on material balance].

can be explained as the result of the process reported in Scheme 6. It
has to be stressed that the above thermal decomposition behaviour
of Fenitrothion, resulting from experimental evidence, is quite
SC runs (continuous lines) and isoperibolic Radex runs (symbols). Temperature of
sothermal DSC and isoperibolic (quasi-isothermal) Radex runs are also reported on
he  plot.

SC runs are reported in Fig. 5(a). The apparent conversion of Fen-
trothion was thus calculated assuming that the reaction heat is

ostly generated in the decomposition of the substrate:

 =

t∫
0

q(t)dt

−�HR
(1)

here q(t) is the heat flow recorded at time (t) and (−�HR) is the
eat of reaction calculated at the end of the DSC run. An average
alue of 333 ± 23 J g−1 was  obtained, in sufficient agreement with
ata obtained from constant heating rate runs, reported in Table 2.
ig. 5(b) shows the results obtained applying Eq. (1) to the DSC
urves reported in Fig. 5(a). The figure also reports the results of
adex isoperibolic runs carried out on Fenitrothion samples at 413
nd 423 K.

Conversion data were obtained from HPLC chemical analysis on
he residual sample. The results reported in Fig. 5(b) clearly show
hat a good agreement is present among DSC and Radex conversion
ata.

An insight on the formation of intermediates and final products
s reported in Fig. 6. The figure shows Fenitrothion conversion and
roduct yield data collected in isoperibolic (Radex) experiments

arried on samples of about 1.2 g of Fenitrothion at a temperature of
13 K using different reaction times. Sample conversion and prod-
ct yields were determined by HPLC analysis of samples collected
t the end of the run. Although practical limitations did not allow
Scheme 1.

to assess the fate of phosphorus and sulfur, Fig. 6 shows that the
experimental techniques used allowed the closure of mass balances
with sufficient precision.

As shown in Fig. 6, S-ethyl isomer [II] is one of the first interme-
diates in the decomposition of Fenitrothion. This confirms previous
results reported for the thermal behaviour of phosphorotionate
compounds. There is a general agreement about the formation, of
an intermediate anion during the isomerization process (Scheme 1)
[23], which is successively S-alkylated reacting with a substrate
molecule [24], as shown in Scheme 2.

The anion A− can give also a nucleophilic attack at P centers with
the release of other nucleophilic species (CH3S−, CH3O−, 4-methyl-
3-nitrophenate), as shown in Scheme 3.

These species may attack all phosphorus-containing interme-
diates through a simple substitution (Scheme 4) or by a more
complex, concerted process (Scheme 5).

The anions formed in the last reactions can eventually initiate an
oligomerization process attacking the S-methyl isomer (Scheme 6).

The presence in the reacting mixture of the “oligomeric” species
Scheme 2.
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Scheme 3.

Scheme 4.

Scheme 5.

Scheme 6.

Table 4
Gas analysis on the sample collected from a complete ARC run performed on
Fenitrothion.

Substance Overall volume
composition
(v/v-%)

Composition
excluding nitrogen
Y (v/v-%)

Estimated % weight
with respect to the
initial sample

CO 30.20 37.25 8.64
CH4 24.55 30.28 4.01
CO2 15.63 19.28 7.03
C2H4 0.22 0.27 0.06
C2H6 0.38 0.47 0.12
Othersa 10.09 12.45 4.54
N2 18.93 – –

Total gases 100.00 100.00 24.4

Char 75.6
a As a working hypothesis, the molecular weight of propane was assumed for
calculations to obtain the value in column 3.

similar to that reported for ethyl parathion [16], while it is strongly
different from that reported for dimethoate [15].

With respect to the second decomposition stage, data in
Figs. 2 and 3 show that a violent exothermic decomposition takes
place, leading to the formation of gaseous products and of a solid
residue. The solid residue (0.786 g of carbonaceous material: 75.6
(w/w-%) of the initial sample mass) recovered at the end of the
dynamic Radex experiment of Fig. 2 was  a char completely insol-
uble in acetone and methanol. No liquid or condensable thermal
degradation product was  identified besides the insoluble char, that
could not be characterized by GC/MS analysis.

Table 4 reports the results of GC analysis of the gas phase sam-
pled (280 cm3 at ambient temperature, collected with a syringe)
at the end of the ARC run of Fig. 3. Assuming that the only prod-
ucts of the decomposition are the insoluble char and the gases
in Table 4, the table also reports the calculated weight % of each
compound with respect to the original sample. Due to the low eco-
toxicity profile of the product species formed at the end of the
overall decomposition process, evident from Table 4, the attention
was  focused on the products of the first decomposition step, whose
release represents the worst-case scenario.

The explosive decomposition behaviour of methyl-nitrophenol
is well known [25], while no indications are available for the ther-
mal  stability of the other decomposition products identified from
the first decomposition step of Fenitrothion. A specific effort was
dedicated to recover and characterize the thermal behaviour of the
oligomeric species (V in Table 1) formed in the first decomposi-
tion step. An ARC run was carried out on 1.35 g of Fenitrothion
(start temperature: 413 K, heat step temperature: 2.5 K, wait time:
10 min, thermal inertia, ˚, equal to 2.80). In these conditions the
onset temperature was  recorded at 414 K, and the development of
the first exothermic event involved an adiabatic temperature rise
of 47.4 K. At the end of this phase the run was stopped and the
condensable products were recovered using 50 cm3 of methanol.
Column chromatography allowed the recovery and purification of
a sufficient quantity of “oligomeric” species (V in Table 1).

The results of an ARC run carried out on the oligomeric species
separated by the above procedure (sample mass equal to 1.252 g;
thermal inertia  ̊ equal to 2.82) are reported in Fig. 7. As expected,
the thermal decomposition of this compound is an exothermal
event which leads to the formation of an incondensable mixture
of gaseous compounds. It is important to note that the heat of
decomposition of these “oligomeric” species accounts for 56% of
the heat of decomposition measured during the second exothermal

step of Fenitrothion thermal decomposition. Thus, the exother-
mic  behaviour during the second decomposition step seems to
be mainly due to the decomposition of nitro-organic “oligomeric”
species as those shown in Table 1.
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Table 5
ECOSAR parameters considered in the eco-toxicological assessment (selected EC50 values are reported in italics), and values of the decomposition product relative ecotoxicity
index  (DEI) calculated for products formed in the first decomposition step.

Compound MW [g mol−1] EC50 (green algae – 96 h) [mg (dm3)−1] S [mg (dm3)−1] Half time [h] DEI baseline DEI class-specific

I 277.20 Esters, monothiophosphates 2.14 38.00 208 1.00 1.00
Baseline toxicity 8.47

II  277.20 Esters 25.20 94.20 208 4.90 68.27
Esters (phosphate) 146.10
Baseline toxicity 41.52

III 261.20 Esters 64.45 300.80 56 11.50 194.11
Esters (phosphate) 415.40
Baseline toxicity 97.32

IV  153.40 Phenols 19.45 1190.00 208 1.82 9.09
Baseline toxicity 15.39

V-(a) 508.40 Esters 2.11 0.07 208 0.54 1.44
Esters (phosphate) 8.81
Esters, dithiophosphates 3.08
Baseline toxicity 4.55

V-(b) 755.60 Esters, monothiophosphates 0.01 0.00 208 1.18 × 10−3 4.67 × 10−3

Esters, dithiophosphates 0.01
Baseline toxicity 0.01

V-(c) 723.50 Esters 0.45 0.00 208 0.14 0.39
Esters (phosphate) 1.54
Esters, dithiophosphates 0.83
Baseline toxicity 1.15

V-(d) 371.20 Esters 24.38 17.29 56 4.88 3.58
Esters (phosphate) 136.59
Esters, monothiophosphates 7.66
Baseline toxicity 41.33
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HPLC runs carried out on a sample recovered at the end of the
diabatic run reported in Fig. 7 and previously hydrolyzed at 423 K
or 4 h by treatment with concentrated hydrochloric confirmed the
resence of polymeric species having a molar ratio among phos-
horus and 4-methyl-nitrophenate higher than 1.

.3. Eco-toxicological assessment of decomposition products
The basic reason that motivated this study was to investigate
he importance of antagonistic or synergistic effects on the overall
co-toxicity of the mixture of thermal degradation products with
espect to what expected from the “sum” of single components.
The worst scenario (from a toxicological point of view), that is the
formation and release of first step decomposition products was
investigated. In order to understand the eco-toxicity of the single
species formed in the first decomposition step, the EC50 (green
algae, 96 h) values for the single species were calculated using
the ECOSAR freeware [26]. The results are reported in Table 5.
A baseline EC50 and values related to specific categories of com-
pounds are provided by ECOSAR. Two values were selected for each
compound: the baseline value of EC50 and the score associated
with the most appropriate class to which the compound of interest
belongs. As shown in Table 5, a lower eco-toxicity profile generally
results considering baseline EC50 values.

Data in Table 5 allow the definition of a specific safety indica-
tor to assess the environmental hazard of decomposition products.
A Decomposition product Ecotoxicity relative Indicator (DEI) was
defined for each of the decomposition products shown in Table 1 as
the ratio of the EC50 value calculated for the compound of interest
with respect to that of the original substance.

The DEI values calculated for the intermediate decomposition
products of Fenitrothion are reported in Table 5. Compounds II,
III and IV in Table 1 show DEI values higher than 1. With respect
to compound V, a DEI value lower corresponds to assumption (d),
while the opposite situation occurs for structures (b) and (c). The
DEI value of structure obtained by assumption (a) may  be lower
or higher than 1, depending on the value of EC50 considered in the
assessment (baseline or class-specific respectively). No conclusion
can thus be drawn concerning the ecotoxicity of decomposition
products unless the distribution of decomposition products distri-
bution is completely known and quantitative data are available,
that is not the case. It should also be remarked that the inclusion in
the assessment of data concerning the gaseous compounds identi-
fied at the end of the decomposition (see Table 4) would not add

significant pieces of information because a low eco-toxicological
profile is associated to each of the compounds listed in Table 4.

In order to gather experimental data on the eco-toxicity of
decomposition products, eco-toxicological bio-assays were carried
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Table 6
Conditions used for the adiabatic runs devoted to collect the adiabatic samples used
for ecotoxicological bioassay.

Sample mSample [g] mBomb [g]  ̊ TO [K] TQuenching [K]

A1 1.3610 12.0178 2.8 409.3 409.3
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A2 1.6244 12.5531 2.5 411.0 416.1
A3  1.6225 12.5531 2.5 411.0 474.7

ut applying the procedure described in Section 2 to samples col-
ected at the end of both isothermal and adiabatic runs carried out
n Fenitrothion at 413 K.

Several isothermal runs were carried out at 413 K by the proce-
ure described in Section 2. Three adiabatic ARC runs were carried
ut holding the system in adiabatic conditions starting from the
nset temperature of the first decomposition stage and quenching
he sample at different temperatures (409, 416 and 475 K respec-
ively). After forcing the instrument in the adiabatic mode at 409 K,
diabatic conditions were kept until the selected quenching tem-
erature was obtained. The run was then stopped, the bomb cooled
t ambient temperature and the sample recovered using 25 cm3

f DMSO for the successive eco-toxicological assessment. Further
etails on these experimental runs are reported in Table 6.

The results of eco-toxicological assessments are reported in
able 7 for both the isothermal and the adiabatic samples. As shown
n the table, a good agreement is present among the results of
io-assays carried out on the first-stage decomposition products
btained in isothermal and ARC runs. The experimental values of
he EC50, as well as the calculated DEI, show an initial decrease
ollowed by a relevant increase with time.

Table 8 shows a comparison with the theoretical values cal-
ulated combining the values obtained for single decomposition
roducts (see Table 5) as follows:

C50,mix =
(

1
n

m∑
i=1

ni

EC50,i

)−1

(2)

here EC50,mix is the theoretical value calculated for the sample
ixture, n is the initial number of moles of used in the experimental

un, ni is the number of moles of compound ith (see Fig. 6), and EC50,i
s the calculated value of EC50 for the ith compound (see Table 5).
he results in Table 7 were obtained reporting both baseline and
lass-specific values and taking into account the four alternative
tructures considered for compound V. The data obtained give a
int on the possible structure of compound V. As a matter of fact, the
on-decreasing trend of the EC50 at times higher than 150 min  or

t temperatures higher than 416 K seems not coherent with struc-
ures V-(b) and V-(c), that should cause a decrease in the EC50 after
20 min. On the contrary, a very good agreement is present among
xperimental and calculated data if structure V-(d) is considered.

able 7
xperimental results of the bio-assays carried out on the residual sample collected
uring adiabatic and isothermal runs on Fenitrothion (I: isothermal runs; A: adia-
atic runs).

Sample Temperature [K] Time (min) EC50 [mg  (dm3)−1] DEI

I0 298 0 1.90 1.00
I1  413 75 1.36 0.72
I2  413 120 1.24 0.65
I3  413 150 2.03 1.07
I4  413 195 1.93 1.02
I5  413 240 5.28 2.78
A1  409 0 2.00 1.05
A2  416 33 0.70 0.37
A3  475 59 9.50 5.00

old indicates the conditions (Adiabatic and Isothermal) corresponding to the lowest
alues found for the EC50 and DEI. Ta
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Table 7 also reports the value of the DEI calculated from the
xperimental toxicological data. The DEI values show that in the
arly stages of thermal decomposition Fenitrothion leads to the
eneration of reacting mixtures more dangerous than the initial
ubstrate. It is important to remark that the DEI values derived from
sothermal samples are of the same order of magnitude of the DEI
alues determined for samples collected in adiabatic conditions.
herefore, the results obtained suggest that the more simple exper-
mental procedure needed to produce isothermal samples may  lead
o results sufficiently consistent to define at least a valid indicator of
he potential eco-toxicological hazard of decomposition products.

. Conclusions

The results of the present study show that in adiabatic condi-
ions at temperatures higher than 409 K Fenitrothion undergoes

 thermal decomposition process. The process is characterized by
wo exothermic events during which relevant amounts of gases
re evolved. Intermediate and final thermal degradation products
ormed during isothermal and adiabatic thermal decomposition
xperiments were identified. The eco-toxicological profile of the
ecomposition products was assessed experimentally and com-
ared to results obtained with a predictive software (ECOSAR).

 specific index was defined to assess the change in ecotoxic-
ty profile of decomposition products with respect to the original
ompound. The results evidence that the in the early stages of
ecomposition Fenitrothion forms decomposition products that
how a higher eco-toxicity than the original substrate. Moreover,
he eco-toxicity of the mixture of decomposition products formed
hows significant differences with respect to that expected as

 “sum” of those of the single species present in the mixture.
hus, the results suggest the importance of experimental proto-
ols allowing the assessment of the overall toxicity of mixtures of
ecomposition products formed in the loss of control of chemical

ndustrial systems.
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